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1THE USE OF CORELESS INDUCTANCES
IN THE OPERATION OF SYNCHRONOUS MACHINES
In the past the operation of synchronizing and paralleling
large alternators has been attended with^great risk. As this is
one of the routine duties in power plant operation, investigators
have made an exhaustive study of its principles \rith the idea of
reducing its dangers. Various arrangements and schenes have been
devisee, but among the most recent and probably the most promising
is that introduced by Professor Morgan Brooks and T.Tr .M.K.Akers
of the University of Illinois. This device consists simply of an
inductance placed between the machine to be synchronized and the
bus bars. The inductance not only serves to choke do^vn the cur-
rent floxTing between the alternators but also has an elastic ac-
tion which tends to pull the machines together. It is necessary
of course that the action be instantaneous. For this reason no
iron can be used in the inductance as it has been found by ex-
periment that the iron does not become magnetized the instant
the switch is closed but, instead, the magnetism lags behind and
allows considerable momentary current to flow.
Since no iron could be used in the inductance it became de-
sirable to obtain data for the design of coils to be used in par-
alleling alternators and it was to present such data that this
thesis was prepared.
The method followed was to build induetancelcoi Is of various
dimensions, measure their resistance, and compare the observed

inductance with that computed for the coilsby various formulae.
With this end in vievr two sets of coils Tiere constnacted. One set,
a cross-section of which is sho?ni in Fig.l, consisted of ten coils
each of about ten cm. mean radius and two cm. axial length. Each
coil was woimd with 100 turns of Ho. 19 double cotton covered wire.
The other set, sho\m in Fig. 2, consisted of a set of flat or pan-
cake coils about tvro and five tenths cm. axial length. The mean
radii of the different coils in this set varied from eleven to
twenty eight cm. In construction the set was equivalent to one larg^
coil of 2500 turns with terminals brought out every 100 turns.
The impedance method was used throughout in determining the
inductance of the coils. Standard instruments were used to meas-
ure the current and fall of potential. Three readings were taken
for each determination of the inductance which was computed by
the for-mula.
The mean of the three determinations of L was taken as the real
value
•
The observed inductance was compared with the computed induc-
tance fi/'Tured by the theoretical formula, one given by Parshall
and Hobart (Prof. Perry's) in their work on dynamo design, and
an approximate formula given by R.P.Jackson in his dincussion of
"Lightning Protective Apparatus" in the December 1906, issue of
the Proceedings of the A.T.E.E.
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3The theoretical formula for coils without iron is derived as
follOTTS J
The field inside the coil is 4TrnI per unit of area, in
which n is the number od'^' turns per unit of length and I,
the current flovring. The total flux is therefore 4TrrnI.
Since this flux passes through nl turns of wire the self
inductance is
L = 47rV n 1 4- 10*
or if II is the total nujnber of turns,
L = 4 rrV 11% 10* 1
This formula should hold for all shapes of coils, but it has
been found by experiment that the formula holds fairly rrell for
coils in vfhich the length is at least ten times the diameter.
For coils of small length as com.pared vrlth their diameter, the
inductance, as computed by this formula should be large, but
practically its value is small. It was because of this variation
that it was necossar;/ to obtain other formulas and test their
accuracy by experiment. The reasons why the formula does not hold
for flat coils has not yet been fully explained, but magnetic
leakage, or end effect, has been held responsible for a large
part of t]:.e di'^crepancy
.
The fomula given by Prof .Perry, which is of a m.ore or less
empirica^l nature, is a-s folio .:s;
N r
(0.0184r + 0.0:^1 1 + 0.0:^.5 w) 10*
T'^r. R. P. Jackson *s rule is only an approxim.ation and is quite
simple. The rule as given is ; The inductance in henries equals

the length of a mean turn in inches multiplied by the square of
the number of turns, and divided by 10*
.
L = STTr
-s-
10*
Or vrith r expressed in cm.
L = 7.9 TT r N*+ 10®
The first tests vrere made on the set of lonp; coils in which
the total length tras about equal to the diameter. Plate I gives
the curve obtained, using length as abscissae and inductance as
ordinates, by placing the ten coils in series and then reducing
the length by cutting out the end coils. The percent variation
of the observed from the theoretical inductance -ivas very large
for short coils, but as the length increased the observed induc-
tance seemed to fall into a straight line parallel to the theo-
retical curve. The percent variation is thus a decreasing func-
tion of the length.
Another test v/ar. made on the long coil to determine the var-
iation in inductance of the end coils on account of the end ef-
fect. Plate II shows the results obtained. A current vras passed
through the series of coils and sim.ultaneous readings were taken
for the middle smd each of the other coils. The readings for the
middle coil vrere kept constant in this test in order to secure
uniform daia. The inductance of the separate coils rras found to
decrease uniformly as taps were made from the center tov/ards the
ends. Referred to the center coil, the decrease in inductance of
the end coils T;as r-^e.l f.
A ser^<::' of tests was next made on the set of pancake coils.
Plate III compares the results obtained from observation and by
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5computation frora the theoretical fonTiula for tests made upon
the coils in series. The first reading Tms taken with all the
coils in series, the succeeding readings were taken by cutting out
the inner coils one at a time. Plate V gives similar curves plot-
ted for the coils taken separately. It is readily seen from these
curves that for coils of relative dimensions as given above, the
theoretica.l formula is worse than useless.
Plate IV shows curves obtained from, observed data for the coils
in series, and from data com.puted by Jackson's and Perry's for-
mulas. Plate VI gives curves obtained in the same way for each
coil taken separately. Jackson's forrriula is intended as a very
rough approximation and as such holds fairly well for coils hav-
ing a ratio l:d not greater than .4 nor less than .1, and the
ratio of inner radius to outer radius between the limits 1 and .5.
Prof. Perry's formula is, however, very accurate when applied to
coils of the shape for which it is intended. This formula is giv-
en as applicable to coils ho.ving small length and cross-section
of winding as compared with their diameter. Experiment showed,
however, that it is quite accurate for the same differences of
radii as given for Jackson's formula. For the coils having great-
est diameters there was Practically an exact agreem.ent between
com.puted and observed data. From Plato IV there does not seem to
be much difference between the two formulas, each agreeing quite
closely with the observed data for differences of radii not too
large. The accuracy of Perry's formula is shovm very conclusively
of error
on Plate VI, however, by the coincidence, within the limit^ of
the curve derived from this formula with the observed results.

In order to determine the most economically shaped coil the
curve on Plate VII wac plotted by meanc of the data and curves
obtained in these tests. This curve nho^.Ts the variation in induc-
tance of coils with equal weights of wire but of different shapes.
The computations were based on ISO pounds of No. 6 wire, and for-
mulas were used which from the curves agreed best with the giv-
sn relative dimensions. Perry »s formula was used for coils up to
a length equal to nearly half the diameter. For values not dif-
fering greatly from this ,Perry s, Jackson's , and the theoretical
fonnulaj agreed quite closely when the later was corrected by
means of the curve on Plate I.
The curve shows a maximuja value of the inductance for ratios
l:d varying from .1 to .5 . For the case under consideration,
using 120 poujids of No. 6 wire, the maximum, inductance occurred
with a value l:d of about .3 . Above the value .5 for l:d the
inductance decreases very rapidly. The reason for this is easily
seen from the theoretical formula in which the numerator is the
square of the constant length of wire and the denominator, 10 1,
an increasing function. For small values of l:d to which Perry's
formula applies the same reason is evident. In Perry's formula
the nujnerator is constant and the denominator, an increasing
function. This, of course, causes the curve to drop off for very
low values of l:d.

7CONCLUSIONS
It seems frori the foregoing results that Perry *s formula sat-
isfies the conditions necessary to the design of coreless induc-
tances for use in synchronizing alternators. Such coils to have
a maximum inductance should be quite large in diameter as compared
vrith the length and cross-section of \7inding. As far as could be
determined by this investigation Perry's formula gave results
which agreed very closely with those obtained by experiments
upon coils of that nature. Any formula is liable to considerable
difference from observed conditions when it depends upon raeasure-
m.onts of coils in v/hich the ratio of one measurement to another
is small, but under the given conditions, T7hich vrere made as near-
ly as possible like those that rrould obtain in practice, Perry's
formula was a great deal more accurate than any other used.
(2. UJlMu>^

KEY TO SYIvIBOLS AND ABBREVIATIONS
I = C-urrent
E = Pall of Potential
li = ilesl stance
f = Frequency
L = Inductance
1 = Length of Coil
w = TTidth of Winding of Coil
r = Mean Radius of Coil
CROSS SECTION OF COIL

Lona Coil



DATA SHEET PLATE I.
OBSERVED COMPUTED
Jackson Theoretical
1 K r L L L
21.0 1000 10.3 .1370 .253 • 198
18.9 900 n .1160 .205 .178
16.8 800 n .0950 .162 .158
14.7 700 n .0701 .124 .138
12.6 600 tf .0581 .091 .119
10.5 500 It .0456 .063 .099
8.4 400 tt .0335 .041 .079
6.3 300 11 .0219 .023 .059
4.2 200 11 .0110 .010 .04-0
2.1 100 11 .0035 .003 .021

DATA SHEET PLATE II
Observed
Coils 1 r N L
1 2.1 10. J? 100 .0099
2 4.2 " " .0119
3 6.3 " " .0132
4 8.4 " " .0134
5 10.5 " .0137
6 12.6 " " .0137
7 14.7 " " .0134
8 16.8 " " .0129
9 17.9 « " .0120
10 21.0 « " .0099
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DATA SHEET PLATES III AND IV.
OBSERVED COMPUTED
Jackson Theoretical Perry
Coils 1 N r L L L L
1 - 25 2.55 2500 19.0 1.56 17.9 2.48 29.7 1.81
2 - 25 ft 2200 20.0 1.51
5 - 25 It 2100 20.6 1.46 16.5 2.25 29.1 1.82
4 - 25 tt 2000 21.1 1.41
Co — 25 It 1900 21.5 1.57 14.8 1.92 25.9 1.64
r>
f<C ff 1800 22.0 1.50
7 - or? n 1700 22.5 1.25 15.2 1.59 22.5 1.50
8 - 25 ft 1600 22.7 1.18
o
_ 25 ff 1500 25.0 1.11 11.7 1.2R 18.5 1.51
10 - 25 If 1400 25.4 1.05
11 - 25 ft 1500 25.8 1.05 10.1 .99 14.8 1.10
12 - 25 tt 1200 24.2 .88
15 - 25 ff 1100 24.6 .79 8.6 .74 11.4 .88
14 - 25 ff 1000 24.9 .70
15 - 25 tt 900 25.2 .61 7.0 .51 8.0 .66
16 - 25 n 800 25.6 .52
17 - 25 ft 700 26.0 .45 5.5 .52 5.1 .44
18 - 25 ft 600 26 .
5
.55
19 - 25 , n 500 26.7 OA. 5.9 .17 2.8 .25
20 - 25 ft 400 27.1 .17
21 - 25 ft 500 27.4 .10 2.5 .06 1.0 .10
22 - 25 tt 200 27.7 .04
23 n 100 28.1 .015 .78 .01 ,12 .011:

DATA SHEET PLATES V.AND VT.
OBSERVED
Coils 1
1 f>.55
2 "
3 "
4 "
5 "
6 "
7 "
8 "
9 "
10 "
11 "
' 12 "
15 "
14 "
15 "
16
17 "
18 "
19 "
20 "
21 "
22 "
25 "
N
100
r
11.0
12.0
15.1
14.0
14.8
15.5
16.5
17.2
17.8
18.6
19.5
20.2
21.1
21.7
22.5
25.0
25.8
24.5
25.5
26.0
26.6
27 .5
28.1
L
.00512
.00451
.00509
.00482
.00542
.00547
.00595
.00647
.00715
.00750
.00795
.00826
.00865
.00900
.00925
.01000
.01040
.01050
.01100
.01180
.01220
.01270
.01290
w
.78
It
COLtPUTED
Jackson Theoretical Perry
L L L
.00272 .0188 .00592
.00524 .0226 .00495
.00566 .0540 .00580
.004-08 .0422 .00665
.00445 .0494 .00750
.00482 .0590 .00817
.00522 .0690 .00902
.00551 .0768 .00962
.00590 .0877 .01040
.00628 .0995 .01120
,00658
.00695
.1102
.1225
.01190
.01270
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